In recent years, consumers have been demanding convenient and healthy foods which have 'fresh-like' characteristics while still being safe and a long shelf-life. These requirements are hard to achieve using existing traditional thermal food processing technologies and the innovative new food process and preservation technologies based on thermal processing systems are needed. However, non-thermal technologies in food processing do not generate high temperature and use short treatment times. This means that the nutritional components of foodstuffs are better retained, and the sensory properties of foods are less changed compared with traditional thermal processing. The aim of this review was to present non-thermal technologies applications and its mechanism in food industry in recently, and to explore the potential application prospects of combining non-thermal treatments applied in food industry because it not only could overcomes the drawback of single technology, but also can enhances the processing efficiency at lower treatment intensity.
Introduction
During food preservation processing, the safety and quality of food need to be considered. The traditional food technologies, such as pasteurisation, high temperature sterilisation, drying and evaporation, can guarantee the microbiological safety or stability of their products, but can destroy some of the food ingredients, especially the heat sensitive vitamins and polyphenols, which were related to the quality of the food (Pereira & Vicente, 2010; Lima et al., 2014) . Higher processing temperatures and longer process times during food processing also produce some potentially harmful components that threaten human (Van Nguyen, 2006; Hellwig & Henle, 2014) .
With the increasing demands for high-quality foods with 'fresh-like' characteristics, the non-thermal technologies introduced to the food industry, such as low processing temperatures with a short treatment time, exert minimal or no changes on food flavours and essential nutrients (Rawson et al., 2011; Birmpa et al., 2013; Pina-P erez et al., 2014) . Therefore, non-thermal technologies in food processing have been researched extensively in recent years (Frewer et al., 2011) . The non-thermal technology has the potential ability to partially, or completely, replace the traditional wellestablished preservation processes.
Non-thermal technologies, such as UV-light (UV), pulsed electric fields (PEF), high hydrostatic pressure (HPP) and ultrasound (US), can ensure the sensory quality and nutrient values of food in shorter processing times and lower temperature conditions and still be used to enhance food safety and extend the shelflife of food products (Mahalik & Nambiar, 2010; Alexandre et al., 2012) . For instance, PEF treatment has been applied to products such as apple juice and shown to produce a5.03 log reduction in yeast cells (Marx et al., 2011) . Non-thermal technologies could inhibit the activity of enzymes in foods, such as lipoxygenase (LOX), polyphenoloxidase (PPO), peroxidase (PO) and pectin esterase (PE) ( Fellows, 2009; Cullen et al., 2011) . Table 1 illustrates some typical non-thermal preservation methods and their effects on microorganism and Table 1 The preservation of non-thermal technologies in food processing Used for the surface of food, equipment, and food packaging materials (Gay an et al., 2014) ; (Cheigh et al., 2012) Ultrasound (US) Frequencies higher than 100 kHz at intensities below 1 W cm Permeabilisation of cell membrane Used for prepackaged foods or bulk foodstuffs (Rendueles et al., 2011) ; enzyme activity. The sterilisation mechanisms of nonthermal technologies mainly refer to the following two aspects: (i) changing the cell membrane structure to remove the regulatory function of the microorganism; (ii) destroying genetic materials to cause metabolic disorders in the microorganism. The technology can also be applied to extraction, drying and other mass transfer processes if the technology process can change the structure of the cell membrane, such as PEF and US technology. In order to achieve their full potential for food industrial applications and improve consumer interest in non-thermal technologies, the purpose of this review was to introduce the treatment principle, general treatment system and currently application scope of the non-thermal technologies and then to explore the potential application prospects of the combining nonthermal technologies applied in food industry.
Nonthermal processing technologies
Pulsed UV-light
Pulsed UV-light is a technique to inactivate surface microorganisms using short pulses of an intense broad spectrum of 'white light' in the spectral band between 200 and 280 nm (Gomez-Lopez et al., 2007) . Each pulse or flash of light lasts only a few hundred million or thousands of a second, but the intensity of each flash light is 20 000 times that of sunlight at sea level and contains some ultraviolet light (Ozer & Demirci, 2006) . Under such conditions, the deoxyribonucleic acid (DNA) in the cells absorbs the UV light to form photoproducts in the DNA which interrupt both DNA transcription and translation, and then leads to the cell death (Cheigh et al., 2012; Gay an et al., 2014) . A schematic diagram of the pulsed UV-light system is shown in Fig. 1 . Basic essentials of the pulsed UV-light technology comprise a power unit to generate high power electrical pulses, a treatment chamber to transform the light source to high-power light pulses and a timing control and a trigger generator (Ozer & Demirci, 2006; Heinrich et al., 2016) .In currently, the United States allow the pulsed UV light technology to be applied in food processing and food packaging as an effective means to eliminate microorganisms in various types of foods (Palgan et al., 2011; Heinrich et al., 2015) . Can et al. (2014) illustrated that pulsed UV light (200-600 nm) treatment can effectively inhibit the number of Penicillium roqueforti (P. roqueforti) and Listeria monocytogenes (L. monocytogenes) derived from the packaged and unpackaged cheeses after a treatment of 40 s at 5 cm (P < 0.05), which maximum inactivation of P. roqueforti was 1.32 and 1.24 log CFU cm À1 , and maximum inactivation of L. monocytogenes was 2.9 and 2.8 log CFU cm À2 , respectively. Moreover, colour and extent of lipid oxidation of the cheeses showed no significant difference after mild treatments (5 s at 13 cm) compared with the untreated cheeses. Keklik et al. (2010) reported that pulsed UV light can effectively kill the Salmonella on the surface of unpackaged and vacuum packaged chicken breast, which the reduction of Salmonella was 2.4 and 2.4 log CFU cm À2 after a treatment 60 s at 5 cm, respectively, while without changing the chemical quality and colour of the samples using UV at 5-13 cm for 5-60 s (P < 0.05). Similar results have been obtained for pulsed UV light reducing the number of microorganisms on cooked meat products, freshly cut mushrooms and the surface of knives used for cutting meat (Rajkovic et al., 2010; Hierro et al., 2011; Ramos-Villarroel et al., 2012) , and even applied to liquid foods such as fruit juices and milk, in order to achieve continuous operation (Palgan et al., 2011; Caminiti et al., 2012) . However, some studies have shown that the pulsed UV light can affect the colour and the texture of food stuffs depending on the energy dose and the distance between the lamp and surface of the samples Orlowska et al., 2013) . Moreover, due to the shadow effect caused by rough or uneven surfaces, crevices or pores of foodstuffs, the effective radiation dose for microbial inactivation can be reduced, resulting in unsuitable treatment for cereals, grains and spices. Therefore, in order to achieve complete sterilisation and ensure the safety of food, it is necessary to combine other methods such as PEF, ultrasound or packaging materials (Char et al., 2010; Oms-Oliu et al., 2010; Caminiti et al., 2011) .
Ultrasound
Ultrasound is mechanical waves at a frequency exceeding the threshold of human hearing about 20 kHz and can be divided into three types: power ultrasound (16-100 kHz), high-frequency ultrasound (0.1-1 MHz) and diagnostic ultrasound (1-10 MHz). The sound waves resulting from the motion of continuous longitudinal waves when sound travels through a medium can generate the alternate compression and rarefaction of the particles in the medium and the consequent collapse of the bubbles causing cavitation (Patist & Bates, 2008) . The cavitation produced by ultrasound can cause a rapid rise in temperature up to 5500°C and increase the pressure up to 50 MPa (Patist & Bates, 2008) and is therefore used to accelerate mass transfer, break down and dislodge particles, destroy the cell membrane or even change the structure of compounds (Kentish & Feng, 2014; Shen et al., 2017) .
The different ultrasound systems and conditions including frequency and energy density can be utilised for a diverse range of food application opportunities: food processing such as degassing, defoaming, filtration and emulsification, food preservation (inactivation of microorganisms and enzymes) and extraction of active ingredients from the food stuffs (Awad et al., 2012; Aliasghari Aghdam et al., 2015; Kumari et al., 2017) . The detail of the ultrasound treatment conditions and application fields is summarised in Table 2 . In general, the ultrasound frequency range from 300 to 500 kHz is applied in the chemical reaction, pharmaceutical and waste treatment industries referred to as sonochemistry (Kentish & Feng, 2014) , and the ultrasound frequency range from 20 to 100 kHz is used in the food industry including emulsification and extraction (Chemat & Khan, 2011; Jovanovic-Malinovska et al., 2015) . Zou et al. (2016) reported that porcine cerebra hydrolysates treated by ultrasound for 2 s (20 kHz, 0.32 W cm À2 ) can increase the content of peptides and hydrophilic and late-eluting hydrophobic peptides and increase their radical scavenging activity and iron chelating activity. Similar results have been observed in wheat gluten, whey proteins and other food proteins treated by ultrasound technology (Arzeni et al., 2012; Stefanovi c et al., 2014; Shen et al., 2017) . These results indicate that the ultrasound can promote protein hydrolysis, while the effect or degree of hydrolysis is related to the energy, frequency and treatment time of ultrasound (Ozuna et al., 2015) . At the same time, ultrasound treatment can reduce the polymeric liquids and accelerate mass transfer and heat exchange in food processing due to the decreased molecular weight of macromolecular substances (Chemat & Khan, 2011) . Ultrasound can be used in the food emulsification process as the cavitation effect produced by ultrasound can cause the oil-water interface to become unstable and decrease the size of oil droplets, and thus the uniformity of two-phase solutions and quality of foods during storage will be improved, such as dairy products (Awad et al., 2012) . Vegetables and fruits are considered as important sources of vitamin C, phenolic compounds, dietary fibre and flavonols. In order to maximise the retention of these nutrients, ultrasound technology has been widely applied to plant tissues in preservation and extraction processing. Birmpa et al. (2013) have reported that US (frequency of 37 kHz and a power up to 30 W L À1 .) can cause more than 2-log CFU g À1 reduction for E coli, S. aureus, S. enteritidis and L. innocua in freshly cut strawberries and lettuce, and the colour of treated products did not significantly change after a treatment of 45 min. Khandpur & Gogate (2015) reported that ultrasound treatment (frequency of 20 kHz, power of 100 W and treatment time of 15 min) sterilised juices, such as orange, sweet lime, carrot and spinach juices, which obtained around 4 log reduction in the microorganisms and the quality of treated samples were at par with the fresh juice. Moreover, a study which applied ultrasound technology for the osmotic dehydration process for fresh sweet potato slices and showed that ultrasound can enhance the moisture diffusivity and maintain the colour quality of sweet potato (Oladejo et al., 2017) . Some studies have reported that ultrasound treatment can be used to extract phenolic compounds, pigments and prebiotic oligosaccharides from fruits and vegetables to increase the yield and reduce the extraction cost compared with traditional extraction methods (Aadil et al., 2015b; Jovanovic-Malinovska et al., 2015) . In addition, Bautista-Ort ın et al.
(2017) attempted to apply high-power ultrasound technology to red wine vinification, which indicated that ultrasonic technology has the potential to be applied to the brewing of fruit wine because it can reduce the brewing cycle and output cost (Bautista-Ort ın et al., 2017).
Irradiation
Three types of ionising radiation are authorised to be used in the food irradiation applications, which include the high-energy gamma rays ( 60 Co and 137 Cs), X-rays and accelerated electrons in accordance with the Codex General standard for Irradiated Foods (Commission 2003). High-energy photons are derived from gamma rays of radionuclide 60 Co or 137 Cs, or X-rays from machine sources with energies up to 5 MeV, or accelerated electrons with energies up to 10 MeV (Farkas, 2006) . The mechanism by which ionising radiation inactivates microorganisms is mainly due to the direct damage or indirect damage of the nucleic acids (DNA) of microbial, which is affected by free radicals (OH) derived from the radiolysis of water (Farkas, 2006) . Decontamination of spices, herbs and condiments remains the single largest application of irradiation (Mostafavi et al., 2012; Jung et al., 2015) . Recent studies have also proved the effectiveness and safety of a high irradiation dose (>15 kGy) for readyto-eat meat products, and a low irradiation dose (1-3 kGy) for fresh mushrooms (Fernandes et al., 2012; Feliciano et al., 2014) . Irradiation technology is also a useful sterilisation method for its potential role for prolonging shelf-life by controlling food-borne diseases and spoilage and the willingness to pay for processing for food safety (Tomac & Yeannes, 2012; Stratakos & Koidis, 2015; Shalaby et al., 2016) . However, some previous studies have reported that irradiation treatment can change the colour of fresh meat and cause a characteristic unpleasant odour because of the myoglobin molecule and some of polyunsaturated fatty acids to energy input and alterations in the chemical environment, as well as could affect the functional properties of the food matrix, such as whole wheat flour and rice (Bashir et al., 2017; Li et al., 2017) . To improve the microbiological safety of foods and quality under the lowest irradiation doses, some studies have employed gamma irradiation combined with some natural antibiotics, such as plant essential oil (Origanum compactum and Cinnamomum cassia) and nisin to treat the foods (Huq et al., 2015; Ghabraie et al., 2016) . The development of irradiation technology application in the food industry is limited due to consumer perception that food irradiation is a nuclear technology. Therefore, changing consumer perception and persuading them to buy irradiated food, as well as designing the safer and more reliable equipment and optimising treatments are important methods for developing this technology.
Cold plasma
Plasma has been described as the fourth state of matter, which is different from the solid, liquid and gaseous states of matter (Niemira, 2012a) . The state of matter can be changed when matter acquires energy. The intramolecular and intra-atomic structures can then be broken, which can liberate free electrons and ions. Plasma may be thought of as an ionised gas consisting of neutral molecules, electrons and positive and negative ions, which can transfer their energy by colliding with gas molecules, and then generating various highly reactive species can interact with the food surface, such as reactive hydroxyl radicals, hydrogen peroxide, ozone, nitrogen oxide and UV radiation (Niemira, 2012a) . There are many methods to ionise gases into plasma, such as heating, electricity and the use of lasers. Therefore, the composition of plasma is different due to various type of the carrier gas (air, oxygen, helium, nitrogen and argon), the plasma generator (radiowave, microwave, plasma jet and dielectric discharges) and the operating conditions (pressure and temperature) (Niemira, 2012a) . Cold plasma is generated at or near room temperature and does not rely on a thermal effect to kill the pathogens, so does not damage the quality of food products in the period of treatment (Fernandez et al., 2013) . The cold plasma system comprises a discharge device, treatment chamber, gas control system and/or pressure control system. Figure 2 shows a basic scheme of low pressure cold plasma (LPCP) sterilisation system as previously illustrated by Basaran et al. (2008) (Basaran et al., 2008) .
The possible mechanism inactivating microorganisms using cold plasma is that the generated various reactive oxygen free radical affect the macromolecules of microbial cell, such as DNA, proteins and macromolecules, resulting in oxidation of cell components, accumulation of charged particles on the surface of the microbial cells, breakdown of the membrane and so on (Niemira, 2012a; Phan et al., 2017) . Fern andez et al. (2012) have found that the nitrogen cold plasma has a inactivation effect on the Salmonella enteric serovar Typhimurium, with the highest cell concentration assayed of 10 8 CFU filter À1 have higher rate of inactivation than that of 10 5 CFU filter À1 . Niemira & Sites (2008) have reported that a gliding arc generated by cold plasma could significantly inactivate both Escherichia coli O157:H7 and Salmonella Stanley on the surface of Golden Delicious apples (P < 0.05). It was also used to sterilise cherry tomatoes, strawberries, almonds and food package materials, which indicated that cold plasma could effectively inactivate microorganisms (Niemira, 2012b; Fernandez et al., 2013; Pankaj et al., 2014) . Another study reported that atmospheric cold plasma (ACP 70 kV, 30-300 s) applied to the surface sterilisation of cherry tomatoes and strawberries reduced the population of Salmonella, E. coli and L. monocytogenes by 3.1, 6.3 and 6.7log10 CFU sample À1 , respectively (Ziuzina et al., 2014) . However, Kim et al. (2011) reported that atmospheric pressure plasma (APP) inactivated pathogens (Listeria monocytogenes, Escherichia coli and Salmonella Typhimurium) on sliced bacon, nothing that when the treatment time increased from 60 to 90 s, the populations decreased from 4.65, 4.02 and 2.55 Log CFU g À1 to 4.10, 2.89 and 2.50 Log CFU g À1 , respectively. The reason for these different results for cold plasma may be due to differences in the food properties, such as pH, water activity and cell structure, and the microorganism species (Niemira, 2012a; Smet et al., 2016) .
Pulsed electric fields
Pulsed electric fields (PEF) technology involves applying pulses of high voltage electricity, typically with a field strength from 20 to 80 kV cm À1 , to foodstuffs placed between two electrodes for a short time (from several nanoseconds to several milliseconds) to avoid any heating effect (Toepfl et al., 2006) . PEF was first used for treating of biological matrices in the 1950s, and since then, it has been shown to be an effective method to inactivate microorganisms in foodstuffs at lower temperature, especially for pumpable fluids or semi-fluid foods (Buckow et al., 2013; Aadil et al., 2015a) . The basic diagram of the PEF treatment is shown in Fig. 3 . The system includes the pulsed power system, material transportation system, cooling system, operating/control system and the treatment chamber.
The mechanism for inactivating microorganisms using PEF has been observed by some research groups using different systems is based on PEF treatment inducing the electrical breakdown of cell membranes when the transmembrane potential reaches approximately 1 V, known as electroporation (Zimmermann, 1986; Vega-Mercado et al., 1997) . Later, the electropermeabilisation theories have proposed that the monolayers of membrane structure were changed by PEF treatment, resulting in the loss of their function as a semipermeable barrier leading to the cell death (Tsong, 1991; Wang et al., 2016; Yun et al., 2016; Liu et al., 2017) . In recent years, the free radical theory has been proposed because of free radical oxidation and hydrogen peroxide being detected in the treated solution.
Hydrogen peroxide can be adsorbed on the cell membrane to oxidise biological macromolecules such as transport protein and synthesis enzyme resulting in cell death (Van Loey et al., 2001; Zhang et al., 2011) . Generally, the degree of sterilisation by PEF technology not only depends on the applied electric field intensity and the treatment time, treatment temperature and specific energy input, but also relate to types of cells (cytoplasm and membrane), cell size and shape, cell orientation in the electric field, the dielectric characteristics of liquid food (Buckow et al., 2013) . PEF technology has been widely applied for sterilising foods, such as vegetable and fruit juices, milk and liquid egg (Buckow et al., 2013; Pina-P erez et al., 2014; Sharma et al., 2014) . In an overview of published data on PEF inactivation of foods, the tendency that the higher electric field intensity, longer treatment time, high temperature, the greater inactivation of microorganisms was achieved, typically. Moreover, the smaller size cells are more resistant than larger size cells, and Gram-negative bacteria are more susceptible than Gram-positive bacteria has been reported in previous study (Toepfl et al., 2007) . Recently, PEF can also be used to inactivate enzymes in the food industry in order to prolong the stability and shelf-life of food products (Vega-Mercado et al., 1997; Van Loey et al., 2001; Buckow et al., 2013) . Moreover, PEF can be used in the extraction process from plant tissue and food by-products, such as plant oil, polyphenols and pigments (Azmir et al., 2013; Boussetta et al., 2014; Puertolas & Martinez de Maranon, 2015) . Recently, PEF technology has emerged in some new applications in food processing, such as drying and freezing (Barba et al., 2015; Wiktor et al., 2015) , which showed that PEF treatment could improve the effective water diffusion coefficient prior to drying, and reduce the total freezing time compared with conventional treatment, as well as maintaining good quality. In addition, PEF technology has also been applied to the modification of the properties of food macromolecules, such as starch (Hong et al., 2016) , pigments (Zhang et al., 2017b) and the promotion of chemical reactions, such as accelerating the ageing process of wine and chelating reactions (Yang et al., 2016; Zhang et al., 2016 Zhang et al., , 2017a .
High hydrostatic pressure processing
High hydrostatic pressure processing (HPP) treatment utilises water as a medium to transmit pressure to the product and can effectively inactivate most pathogenic and spoilage organisms including yeasts, moulds and Gram-positive and Gram-negative bacteria, such as B. cereus, C. perfringens, E. coli and S aureus. HPP has minimal effects on the taste, flavour, texture, appearance and nutritional value of food products (Rendueles et al., 2011; Grundy et al., 2016) . Typically, the pressure range applied is between 300 and 600 MPa in food processing. The effectiveness of inactivation depends on the pressure, holding time and temperature applied, as well as being related to the resistance of the microorganism and the food matrix under the HPP processing. In general, prokaryotes are usually more resistant than eukaryotes, and Gramnegative bacteria are more susceptible than Gram-positive bacteria. The destruction of moulds and yeasts need relatively higher pressures than protozoa and parasites because of the structure of the cell and the components of the cell membrane (Rendueles et al., 2011) . The schematic diagram of a HPP device for treating food products is shown in Fig. 4 . The HPP system requires the following parts: heat exchange system, system for generating pressure and maintaining pressure, temperature measurement system, treatment chamber and process control system (Hokmollahi & Ehsani, 2017) . The main mechanism for the sterilisation effect is the irreversible destruction of cellular structure(cell membranes and cell walls), resulting in permeability modification and functionality disruption after treatment HPP processing. Moreover, the secondary and/or tertiary or quaternary structure of large molecules and complex organised structures are changed by HPP treatment, such as efflux pumps protein, ATPase activity and ribosome, which result in cell death due to the disorders of cellular metabolism (Smelt, 1998; Rendueles et al., 2011) . HPP technology is applied in the commercial processing of seafood, cooked products such as emulsion-type meat and poultry products, ready-toeat products and plant-based foods such as various fruit juices (Butz et al., 2003; Campus, 2010; Khan et al., 2014) . Gudbjornsdottir et al. (2010) reported that various HPP pressure(700-900 MPa) and treatment times (10-60 s) for smoked salmon could have a sterilisation effect of Listeria spp (Gudbjornsdottir et al., 2010) . Results showed that as the pressure increased from 400 to 900 MPa, there was a significant reduction in the population from >110 to <0.3 CFU g À1 after 10 s. However, there was no indication of lipid oxidation during any of the HPP treatments. Zhao et al. (2017) reported that HPP processing could retain a higher content of total phenolics and antioxidant activity in fruit and vegetable juices than thermal pasteurisation, especially for pressures less than 400 Mpa. HPP technology can also be used to improve the functional properties of foodstuffs during processing. Sheng et al. (2017) reported that HPP treatment at 200 MPa could improve the content of bioactive components, such as proanthocyanidins, anthocyanin and soluble dietary fibre (SDF) as well as enhancing the antioxidant properties of grape pomace. Moreover, Hokmollahi & Ehsani (2017) have summarised the advantages of applying HPP in cheese manufacturing. They reported that the pressures in the range between 400 and 600 MPa could reduce the rennet coagulation time, promote the rate of curd formation and also increase the yield of cheese depending on the cheese variety, as well as accelerating the proteolysis during ripening process.
Combining non-thermal technologies for increased effectiveness
Non-thermal technologies are able to inactivate microorganisms at ambient or moderate temperatures, but these processes require very high treatment intensities, or some use restrictions, such as lethal effect of HHP, PEF, US and IR technologies was related to the lower pH value. Moreover, the bacterial spores and highly resistant microorganism also can limit of lethal efficiency of single non-thermal technologies, such as PEF technology (Wang et al., 2018) . In order to enhance the antimicrobial effect at the lower process intensities, combining non-thermal technology with conventional preservation methods, antimicrobial agents or other non-thermal treatments could be applied in the food industry, such as combining HPP with lacticin, or nisin, or PEF with ultrasonication cotreatment (Ross et al., 2003; Wang et al., 2017) . Antonio-Guti errez et al. (2017) showed that grapefruit juices treated by ultrasonic atomising combined with UV light method (the equipment diagram is shown in Fig. 5 ) was effective in the inactivation of S. cerevisiae. They found that the microbial population of juice was reduced by 2.8 log cycles after three passes by combination of non-thermal process, compared to 0.84 log cycles by single UV light, and the quality of juice has no significant changes, such as pH, o Bx and colour. Khandpur & Gogate (2015) reported that the combination of US and UV light treatment was used to achieve an effective sterilisation of juices(5 log reduction in microorganisms), according to the treatment parameters was frequency of 20 kHz, power of 100 W and two of UV lamps of 8 W for 15 min. Gachovska et al. (2008) reported that the inhibition of E. coli in apple juice was increased by combining PEF and UV methods. They found that a maximum E. coli reduction of 5.35 log CFU mL À1 was achieved by combining PEF (electrical field strength of 60 kV cm
À1
) with UV (length of 50 cm, treatment time of 2.94 s). Caminiti et al. (2012) studied the effects of different nonthermal treatments (PEF, UV light and high intensity light pulses (HILP)) combined with manothermosonication on the physicochemical and sensory properties of an orange and carrot juice blend. In this study, results showed that all the combination treatments increased the Hunter Lab colour values and achieved about 78% inactivation of pectin methyl esterase. The total phenolics content decreased significantly, while the antioxidant activity did not change significantly compared with the untreated control. Moreover, Pyatkovskyy et al. (2018) reported the effect of the different non-thermal technologies combination methods on inactivation efficiency of non-pathogenic Listeria innocua in water media. This report indicated that a synergistic effects was observed by combinations of HPP and US treatment, and additive effect was demonstrated by US followed by HPP method. The combination non-thermal methods not only can compensate for the disadvantages of a single method, but can also provide a synergistic effect during food processing. Although the mechanisms of inactivation by combining non-thermal processes are still unclear, the hurdle technology concept may be a feasible understanding why the combinations of non-thermal process could obtain the better antimicrobial effect. During inactivation treatment on a microbial cell, hurdles targeting are determined in a single non-thermal process. The lethal efficiency can be increased to a certain extent by optimizing treatment conditions, but the cells have the self-repair mechanism simultaneously, which leading to some microbial cells are in the sublethal state, thereby expends part of external energy. After hostile environment was disappeared, the metabolism of cells can be partially or completely repaired. However, the combining different type of non-thermal technologies was used to sterilize the microbial cell, they can attack various cellular targets, such as membrane protein, lipid and DNA, and disturbing several functions of the microbial cell, which resulting to the cells self-repair process becomes more difficult, thus increasing the lethal efficiency (Ross et al., 2003; Barba et al., 2017) . Therefore, the combining different treatment method could enhance their lethal or inhibitory effects on microorganisms. Despite in recent years, some studies have reported that the combination of non-thermal technologies has been successfully improved the inactivation effect compared with control or single treatment methods in food processing, but the research is preliminary and the application category is narrow. Therefore, the combining non-thermal treatment technologies should be deeply investigated to ensure the best sterilisation effect under the minimum treatment intensity conditions, which comply with 'green processing concept'. We think combining non-thermal technologies become a new direction for research in future.
Conclusions and prospects
Nonthermal processing technologies are technologies that do not use heating as the main means to inactivate microorganisms and enzymes in food products. Therefore, nonthermal processing has minimal effects on the colour, aroma, taste and nutritional value of food products while ensuring high standards of food safety conditions and also conforming to the requirements of consumers for 'minimally processed foods'. Moreover, compared with thermal treatments, such as pasteurisation, evaporation and drying, these nonthermal processing methods have the advantages of shorter treatment times, higher energy efficiency, higher levels of safety and a longer shelf-life for foods. However, the all these non-thermal technologies have significant limitations in ensuring food quality in terms of sensory properties, such as texture, colour, taste and aroma, and nutritional value, as both are significantly deteriorated due to the extreme processing conditions, such as treatment time, temperature, input energy (Lopes et al., 2018) . Therefore, in order to obtain safer, more healthy and better quality of food products, the combination treatment may be a more effective processing technique for the food industry. For example, the raw food materials receiving PEF or US treatment before traditional drying and freezing processes, not only make drying and freezing more efficiency but also provide enhanced product quality. In addition, producing industrial scale equipment, defining clear mechanisms, developing standards and correcting the misconceptions of consumers about nonthermal processing will be important for promoting non-thermal technology in the food industry. Once, these issues can be solved, non-thermal technologies will find a much wider application and greater adoption in the food industries.
